INTRODUCTION
Plants encounter environmental stresses such as water deficiency, excessive water, or low temperature during development. However, plants have protective systems against stress. For instance, stomatal closure against drought or dormancy against low temperature are protective mechanisms to ensure survival. It has been shown that a physiological active substance, abscisic acid (ABA), is associated with stomatal regulation (MacRobbie, 1992) . In higher plants, including Citrus, ABA is yielded by the oxidative cleavage of carotenoids such as neoxanthin and violaxanthin to produce a C,5 immediate precursor of ABA, xanthoxin (Setha et al., 2004) . The study of xanthoxin is limited by a lack of a proper internal standard needed for precise quantification. Although the effects of water-stressed condition on violaxanthin, neoxanthin (Li and Walton, 1987) , and xanthoxin (Raschke et al., 1975) were investigated in leaves of bean (Phaseolus vulgaris L.), each quantification was not performed using the respective authentic internal standard.
Therefore, we developed a suitable internal standard for the measurement of xanthoxin (Setha et al., 2004) . In addition, a catabolite of ABA, phaseic acid (PA), also induces a stomata! response in Commelina communis (Sharkey and Raschke, 1980) . Therefore, it is considered that an investigation of ABA metabolism under drought conditions is important to clarify the relationship between ABA metabolite and drought. In this study, the deuterium-labeled internal standards of PA, DPA, and epi-DPA were also synthesized. Jasmonate, a linolenic acid derivative, is also included in stomatal responses (Gehring et al., 1997) . That is, jasmonates application results in a slow reduction in the assimilation of tomato plants (Herde et a1., 1997) . This finding suggests a relationship between endogenous jasmonates and stomata! regulation. In the present study, xanthoxin, ABA, its metabolite, and jasmonate levels under drought conditions were examined, and the effects of these on stomatal regulation were investigated. Tokyo), sputter-coated with gold-palladium, and examined in a Hitachi S-2460N scanning electron microscope operated at 5 kV. Statistical analysis Data were subjected to analysis of variance (ANOVA) and results showed mean confidence intervals of ± 95% calculated from t-distribution for each value.
MATERIALS AND METHODS

Plant material
RESULTS
Xanthoxin, ABA, PA, DPA, and epi-DPA concentrations under drought conditions Water potential of leaves in the drought-stressed trees were lower than that in the well-watered trees (Table 1) . Xanthoxin, ABA, and DPA in the pulp showed similar changes throughout fruit development (Fig. 1) . In general, these changes increased with DAFB. The concentrations of ABA and DPA in the pulp of the drought-stressed trees were higher than those of the well-watered trees. PA and epi-DPA in the pulp of the drought-stressed trees increased at 60 DAFB but decreased sharply after this time. Also in the skin and leaf, ABA concentrations in the droughtstressed trees were higher than those in the well-watered trees, although PA, DPA, and epi-DPA levels did not show a clear tendency between the drought-stressed and well-watered trees (Figs. 2 Environ. Control Biol. and 3). ABA concentrations in the skin increased with DAFB, especially in the drought-stressed trees. In contrast, ABA levels in the leaf did not change from 30 to 150 DAFB. In the pulp, skin, and leaf, JA concentrations were higher than MeJA concentrations (Fig. 4) . In general, JA levels in the pulp, skin, and leaf in the drought-stressed trees were higher than those in the well-watered trees. JA concentrations in the pulp decreased toward 150 DAFB in both the drought-stressed and well-watered trees.
Sugar accumulation and stomatal response In the pulp, sucrose was the primary sugar at harvest (150 DAFB) (Fig. 5) . Sucrose concentrations in the pulp increased toward 150 DAFB, but the concentrations in the drought-stressed trees were higher than those in the well-watered trees. Both ABA and PDJ applications promoted stomatal closure in leaf (Fig. 6) . In our study, the effects of ABA on stomatal closure were stronger than those of PDJ.
DISCUSSION
ABA or Jasmonates respond to biotic and abiotic stress such as insects, pathogens, wounding, or drought. For instance, the release of an ABA precursor from the stored form in stressed tissues is induced by elevated cytoplasmic Ca2+ (Netting, 2000) . Wounding releases linolenic acid, which is a precursor of JA (Turner et al., 2002) . Also in our study, ABA and JA levels in the pulp, skin, Environ.
Control Biol. Data show mean confidence intervals of ±95% calculated from t-distribution for each value.
and leaf of drought-stressed trees increased. In response to water stress, ABA induces stomatal closure by activating anion channels in the guard cells (Becker et al., 2003) . Our results and these reports suggest that the rise in JA may be connected to stomatal closure. ABA application induced stomatal closure exactly as show in Fig. 6 . ABA and PDJ concentrations, which are closely related to anthocyanin formation in apples or sweet cherries in the previous reports (Kondo and Gemma, 1993; Kondo et al., 2000) , were selected for application in our study. Although PDJ application also induced stomatal closure in the present study, the effect was less than that of ABA. It is possible that the results may depend on differences in the application concentrations of each chemical. However, in barley (Hordeum vulgare L.), jasmonate application from 1 to 100µM had little effect on transportation, although 100uM ABA reduced the rate of transpiration to 72% that of the untreated control (Horton, 1991) . It is therefore possible that the effects of JA on stomatal regulation may be milder than those of ABA. Xanthoxin levels in the pulp of the drought-stressed trees were generally higher than those of the well-watered trees, suggesting that ABA responds to drought via xanthoxin, which is a precursor of ABA, although there have been reports regarding the relationship between ABA and drought (Netting, 2000; Becker et al., 2003) . However, the xanthoxin concentrations were significantly lower than the ABA concentrations. We quantified both xanthoxin and ABA concentrations in apple pulp in the same manner and found that their levels were similar (Setha et al., 2004) . These findings may suggest that the turnover from xanthoxin to ABA is more rapid in Citrus pulp than in apple pulp. However, further investigation of a variety of plants will be required to clarify this point. Similar results were also obtained regarding PA in the pulp. PA concentrations were around 10% of ABA concentrations. In contrast, in the skin and leaf, the concentrations of ABA and PA were similar. ABA is catabolized to DPA or epi-DPA through PA. Thus, the rate of catabolysis may differ with plant tissue.
ABA concentrations in the skin and pulp increased toward 150 DAFB, but those in the leaf did not fluctuate from 30 to 150 DAFB. ABA concentrations in the pulp were significantly higher than those in the skin and leaf. ABA plays a primary role in the ripening of nonclimacteric fruits (Kondo et al., 2002) . Sucrose was found to be the main sugar in the pulp and to increase in the pulp and skin toward 150 DAFB, but no increase was observed in the leaf. The changes in sucrose Vol. 44, No. 1 (2006) (47) 47 in these tissues coincided with those in the ABA concentrations. ABA application to peach (Prunus persica L.) flesh discs stimulates uptake of sugar into the flesh, and it has been concluded that ABA enhances transport across both tonoplast and plasma membrane (Kobashi et al., 2001) . Both the photosynthetic rate and stomatal conductance are reduced in drought-stressed satsuma mandarin (Citrus unshiu Marc.) (Yakushiji et al., 1998) . Nevertheless, in our study, sugar concentrations in the fruit of the drought-stressed trees were higher than those of the well-watered trees. These results can be explained by an enhanced translocation of photosynthate into the fruits under drought conditions. Our study suggests that the stimulation of translocation may be connected to the increase in ABA concentrations. Although there have been few reports regarding the relationship between jasmonates and sugar accumulation, PDJ application to Japanese pear flower at the balloon stage has been found to induce sugar accumulation in flower and peduncle (Sekozawa et al., 2003) . It is therefore possible that the increase in endogenous jasmonates is also associated with an induction of sugar translocation into the pulp of drought-stressed trees. However, differing with the changes in endogenous ABA, endogenous JA decreased gradually toward 150 DAFB even under drought-stressed conditions. A similar tendency has also been observed in nonclimacteric fruits such as sweet cherries (Kondo et al., 2000) and grape berries (Vitis spp.) (Kondo and Fukuda, 2001 ). An investigation of the relationship between jasmonate and sugar accumulation in nonclimacteric fruit is now underway.
In conclusion, the increase of ABA concentrations under the drought conditions connected to XAN concentrations. The low concentrations of XAN, compared to those of ABA, suggested the more rapid turn over from XAN to ABA in Citrus pulp. Although both ABA and jasmonates promoted stomatal closure, the effect of ABA was stronger than that of jasmonates.
